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Antibodies raised against each of the constituent proteins of the photosystem II core complex, i.e. against 
the 47 kDa protein (psbB product), the 43 kDa protein (PsbC product), cytochrome b-559 (psbE and psbF 
products), the psbA product expressed in E. coli or against a synthetic oligopeptide corresponding to a part 
of the sequence ofpsbD gene, were utilized to determine the origin of higher molecular mass bands exhibited 
by SDS-polyacrylamide gel electrophoresis of photosystem II preparations, and to identify the two medium- 
size polypeptides in the 30 kDa region of the recently isolated photosystem II reaction center [(1987) Proc. 
Natl. Acad. Sci. USA 84, 109-l 121. The result of analysis clearly indicated that the photosystem II reaction 
center consists entirely of D-l (psbA product), D-2 (psbD product) and cytochrome b-559. 
Photosynthesis; Photosystem II; Reaction center; Antibody; D-l protein; D-2 protein 
1. INTRODUCTION 
It has been well documented that the PS II core 
complex consists of six chloroplast-encoded pro- 
tein subunits [l]. The genes for these proteins have 
been identified and sequenced [2]; p&B and p&C 
code for the two largest subunits of about 50 and 
40 kDa, respectively, which have been isolated as 
chlorophyll- and P-carotene-binding polypeptides; 
psbA and p.sbD code for the two medium-size 
subunits of about 30 kDa, which have often been 
called D-l and D-2 because of their diffuse migra- 
tion pattern on SDS-PAGE; and psbE and psbF 
code for the two smaller-size subunits of 
cytochrome b-559 of about 9 and 4.5 kDa. 
SDS-PAGE of the purified PS II core complex, 
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The surplus bands higher than 50 kDa in these 
preparations are anomalous in that the amounts 
are variable and tend to be increased in the highly 
purified preparations [3]. The assignment of the 
origin of these surplus bands becomes important in 
view of the recent isolation of a PS II reaction 
center which has been claimed to consist of only 
D-l, D-2 and cytochrome b-559 [4,6], since the 
preparation also exhibits substantial amounts of 
these higher molecular mass bands in SDS-PAGE 
[4]. It is also important to determine definitely 
whether the two components of about 30 kDa in 
this reaction center preparation really correspond 
to D-l and D-2 proteins, although the presence of 
these two proteins in the PS II core complex has 
already been established by immunological 
analysis [ 171. 
Abbreviations: PS, photosystem; PAGE, polyacryl- For these purposes we have utilized recently 
amide gel electrophoresis prepared antibodies raised against each constituent 
however, sometimes exhibits surplus bands in the 
higher molecular mass region, in addition to the six 
bands which clearly correspond to the above- 
mentioned subunits [3]. 
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protein of the PS II core complex. The result of 
analysis clearly indicated that the isolated PS II 
reaction center contains D-l, D-2 proteins and 
cytochrome b-559, but practically no trace amount 
of p&B product (CP-47). 
3. RESULTS AND DISCUSSION 
2. MATERIALS AND METHODS 
Triton PS II membranes were prepared from 
spinach as described by Kuwabara and Murata [5]. 
The PS II core complex was prepared from 
spinach as in [7]. The photoactive PS II reaction 
center was isolated as described in [4]. Cytochrome 
b-559 was isolated following the method described 
by Metz et al. [8] by using DEAE-Toyopearl 650s 
chromatography. 
Fig.1 shows densitometric tracings of the 
polypeptides in the three different types of PS II 
preparation, i.e. PS II membranes (A), PS II core 
complex (B) and PS II reaction center (C), after 
separation by SDS-PAGE and staining with 
Coomassie brilliant blue. A remarkable feature of 
the profile is the presence of diffuse bands in the 
higher molecular mass region (bands a-c), in addi- 
tion to the well-defined protein bands of psbB and 
psbC products (in the cases of the core complex 
Rabbit polyclonal antibodies raised against 
spinach CP-47 and CP-43 (psbB and psbC 
products), respectively, were kind gifts from Pro- 
fessor Horio (Osaka University, Japan) [9]. Anti- 
body against cytochrome b-559 was prepared for 
the purified spinach cytochrome using a standard 
procedure. Antibodies against D-l and D-2 pro- 
teins were kindly provided by Professor Trebst 
(Ruhr-University Bochum, FRG) [ 10,111; a psbA 
gene fragment (amino acids 167-353 of D-l) was 
cloned into an expression vector in frame with the 
3 ’ -end of the ,&galactosidase gene and expressed in 
E. cofi, and then an antiserum was raised against 
this fusion protein [lo]; a synthesized oligopeptide 
corresponding to a part of the sequence of the D-2 
protein (amino acids 235-241) was coupled to 
serum albumin by 1-ethyl-3-(3-dimethylaminopro- 
pylcarbodiimide hydrochloride and the coupled 
protein was immunized in a rabbit [ 111. 
SDS-PAGE was carried out as in [12] with a 
modification; 6 M urea was included in the analyz- 
ing gels to increase focusing of D-l and D-2 bands. 
After electrophoresis proteins were transferred to a 
nitrocellulose membrane again by electrophoresis 
and the blot was incubated sequentially with an- 
tiserum and peroxidase-conjugated goat anti- 
rabbit IgG (Bio Rad Lab., Richmond). The 
peroxidase-containing bands were developed by in- 
cubating the strips with hydrogen peroxide and 
4-chloro-1-naphthol. For densitometric tracing the 
Coomassie-stained gels were scanned at 600 nm 
with a dual-wavelength chromatoscanner (model 
CS-930, Shimadzu, Kyoto). 
Fig.1. SDS-polyacrylamide gel electrophoresis of PS II 
preparations. (A) Triton PS II membranes, (B) PS II 
core complex, (C) PS II reaction center. (a-c) Unknown 
protein bands; psbB, psbC, psbD, psbA and psbE 
correspond to the 47,43,32, 30 and 9 kDa polypeptides, 
respectively, of the PS II core complex; LHCP, light- 
harvesting chlorophyll u/b-protein; 33, 24 and 18, the 
three hydrophilic proteins of the oxygen-evolving 
system. Sample buffer contains 62.5 mM Tris-HCl (pH 
6.8), 2.3% (w/v) SDS, 5% (v/v) 2-mercaptoethanol and 
10% (w/v) glycerol. Acrylamide gradient, IO-20%. See 
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and membranes), of D-l, D-2 and cytochrome 
b-559 (in all three cases), and of the three 
hydrophilic proteins of the oxygen-evolving system 
(33, 24 and 18 kDa) and two polypeptides of the 
light-harvesting chlorophyll a/b-protein (in the 
case of membranes). The number and amounts of 
these surplus bands higher than 50 kDa, however, 
were largely variable in different preparations as 
well as in different types of preparation and their 
stoichiometric ratios to the well-defined six subunit 
bands of the PS II core complex, which exist in a 
molar ratio of 1: 1: 1: I:2 for the first five com- 
ponents in order of decreasing molecular mass 
[ 13,181, were usually smaller than unity. The 
characteristics of the surplus bands in the higher 
molecular mass region, together with the fact that 
some behave similarly to the medium-size com- 
ponents (D-l and/or D-2) in the iodo-labeling ex- 
periment [14], suggest he possibility that they are 
produced by the aggregation of lower molecular 
mass proteins. 
In order to examine this possibility we utilized 
rabbit antibodies raised against each constituent 
subunit of PS II core complex, as described in sec- 
tion 2. In the experiment shown in fig.2, it is clear- 
ly indicated that the five antibodies used in this 
analysis are basically monospecific to each compo- 
nent of the PS II core complex. The presence of 
D-2 protein in the PS II core complex [17] was 
reconfirmed by this experiment. However, the an- 
tibodies were also reactive to the bands in the 
higher molecular mass region in the cases of anti- 
p.sbB product, anti-D-2 and anti-D-l. Close inspec- 
tion further indicates that the positions of the reac- 
tive bands in the higher molecular mass region, 
which correspond exactly to those of the 
Coomassie-stained bands in fig.lB, are slightly 
displaced in each case and the estimated molecular 
masses of these bands are nearly twice those of the 
principal bands, i.e. 47, 32 and 30 kDa for anti- 
p.sbB product, anti-D-2 and anti-D-l, respectively, 
suggesting that they are dimeric forms. From these 
analyses it is confirmed that the PS II core com- 
plex consists entirely of the six protein subunits: 
psbB, psbC, psbA, psbD, psbE and psbF products 
(although the last component is not resolved in 
fig.2, but see fig.3). 
The same antibodies were applied to the purified 
PS II reaction center recently isolated [4], to deter- 
mine whether the higher molecular mass com- 
Fig.2. Reactivity of blotted protein bands of the PS II 
core complex with rabbit antibodies. Antibody against 
bovine serum albumin (l), psbB product (2), psbC 
product (3), psbD product (4), psbA product (5) or 
cytochrome b-559 (6) was used (see section 2). 
Conditions exactly identical with those in fig.2. Bars on 
the left indicate the position of the origin of the 
analyzing gel (0); marker proteins: bovine serum 
albumin (68 kDa), ovalbumin (45 kDa), chymotrypsino- 
gen A (25 kDa) and cytochrome c (12.4 kDa), 
respectively, from top to bottom. See text for details. 
ponents in this preparation also represent the 
aggregates of the polypeptides in the 30 kDa 
region and also to decide definitely if these two 
bands of medium size really correspond to the D-l 
and D-2 proteins (fig.3). As briefly described in the 
previous paper [4], no cross-reactivity was detected 
with any protein band in the cases of anti-psbB and 
anti-psbC products, confirming that no ap- 
preciable amounts of psbB product, even in its 
breakdown products or in the aggregates, are pre- 
sent in this preparation. On the other hand, the 
two major bands of about 32 and 30 kDa in this 
preparation were exactly cross-reactive with anti- 
D-2 and anti-D-l, respectively. In addition, these 
two antibodies were also reactive with each of the 
two different bands of higher molecular mass of 
about 60 kDa; band b and band c with anti-D-2 
and anti-D-l, respectively. These facts indicate 
that the higher molecular mass components are the 
aggregates in the homodimeric forms of either D-2 
or D-l, rather than the heterodimer consisting of 
9 
Volume 216. number 1 FEBS LETTERS May 1987 
Fig.3. Reactivity of blotted protein bands of PS II 
reaction center with rabbit antibodies. (A) Coomassie 
brilliant blue-stained gel, (B) blotted nitrocellulose 
membrane strips. Antibody against bovine serum 
albumin (l), psbB product (2), psbC product (3), psbD 
product (4), psbA product (5) and cytochrome b-559 (6) 
was used (see section 2). Conditions exactly identical 
with those in fig.2, except that the acrylamide gradient 
was 12-22%. 
both D-2 and D-l as expected from their presumed 
association in vivo [ 151. An antibody raised against 
cytochrome b-559 holochrome cross-reacted with 
both the a-subunit (9 kDa component) and /3- 
subunit (4.5 kDa component) of the cytochrome. 
4. CONCLUSION 
Based on immunological analysis it is concluded 
that the photoactive PS II reaction center recently 
isolated [4] contains D-l, D-2 proteins and 
cytochrome b-559, but no appreciable amount of 
p&B product (CP-47) which has been proposed to 
be the site of charge separation in PS II [16]. 
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